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PROGRESS REPORT 
Objective 
The objective of the program is to help provide basic scientific and 
engineering knowledge needed to use extraterrestrial mineral resources 
in support of future space missions. Under this component, background 
and supporting studies and coordinating and liaison activities for the 
program are carried out. 
Progress During the Third Quarter 
Analysis and distribution of background information on current Apollo 
lunar surface and returned lunar sample experiments continued. At the 
request of James Gangler, NASA Headquarters, supplementary information 
on our simulated lunar material studies was prepared for his use in a 
briefing of top level NASA officials. 
Thomas C. Atchison and David E. Fogelson attended a meeting at the Air 
Force Institute of Technology in Dayton, Ohio, in February to help plan 
the program for the Eighth Annual Meeting of the Working Group on Extra- 
terrestrial Resources to be held next November in Houston, Texas. 
Status of Manuscripts 
Proposal for Continuing Bureau Extraterrestrial Resource Utilization 
Program by T. C. Atchison and NASA project leaders was submitted to 
NASA in December. 
Strengths of Sulfur-Basalt Concretes by L. J. Crow and R. C. Bates 
was published as Bureau of Mines Report of Investigations 7349 in March. 
Carbothermal Reduction of Liquid S i l i c e o u s  Minerals  i n  Vacuum by S, E .  
K h a l a f a l l a  and L. A .  Haas w i l l  be published i n  t h e  Journa l  of High Tem- 
p e r a t u r e  Sc ience ,  v. 2 ,  No. 1, 1970, 
Mineral Decomposition i n  High Vacuum by R. L. Carpenter was prepared 
f o r  p r e s e n t a t i o n  a t  t he  P a c i f i c  Coast Regional Meeting of t he  American 
Ceramic Soc ie ty  a t  S e a t t l e ,  Wash., October 15-17, 1969, and i s  be ing  
expanded f o r  pub l i ca t ion  a s  a  Bureau of Mines Report of I n v e s t i g a t i o n s .  
F a c t o r s  Related t o  Mineral Sepa ra t ion  i n  a  Vacuum by F. Fraas  was sub- 
mi t t ed  f o r  p u b l i c a t i o n  a s  a  Bureau of Mines Report of I n v e s t i g a t i o n s ,  
STATUS REPORT THIRD QUARTER FISCAL YEAR 1970 
Bureau of Mines NASA Program of M u l t i d i s c i p l i n a r y  Research 
Task t i t l e :  Surface p r o p e r t i e s  of rock i n  simulated lunar  environment 
I n v e s t i g a t o r :  Wallace W .  Roepke, P r o j e c t  Leader 
Location: Twin C i t i e s  Mining Research Center 
Minneapolis,  Minnesota 
Date begun: Apr i l  1966 To be completed: June 1971 
Personnel:  William H. Engelmann, Supervisory Research Chemist 
Wallace W. Roepke, P r i n c i p a l  Vacuum S p e c i a l i s t  
Ke l ly  C .  S t r e b i g ,  Mining Engineer 
Robert L. Schmidt, Mining Engineer 
James R.  B l a i r ,  Phys ica l  Science Technician 
Bradley V. Johnson, Phys ica l  Science Aid 
PROGRESS REPORT 
Object ive 
The o b j e c t i v e  of t h i s  t a s k  i s  t o  s tudy the  su r f ace  p r o p e r t i e s  of rocks  
and minera ls  i n  a s imulated lunar  environment. The s tudy inc ludes  f r i c -  
t i o n  of metal-mineral p a i r s ,  d r i l l i n g  i n  rock ,  and shear  t e s t i n g  of par- 
t i c u l a t e  mineral  and rock ma te r i a l s .  
Progress  During the  Third Quarter  
Equipment scheduling problems and mechanical redes ign  of po r t ions  of t he  
UHV d r i l l  appara tus  have aga in  made d r i l l i n g  i n  UHV the  major a c t i v i t y  
i n  t h i s  t a s k  dur ing  t h e  qua r t e r .  The radiometer has  been r e tu rned  from 
t h e  manufacturer i n  a s a t i s f a c t o r y  cond i t i on  and i s  ready f o r  u se  with 
the  new UHV system when i t  i s  i n s t a l l e d .  The new UHV system was de l ive red  
February 24 b u t  was r e j e c t e d  and re turned  t o  t he  f a c t o r y  3 days l a t e r  due 
t o  damage incur red  dur ing  shipment and incomplete f u l f i l l m e n t  of s p e c i f i -  
c a t i o n s .  The system i s  expected back t h e  f i r s t  week i n  Apr i l .  
Fu r the r  modi f ica t ions  have been made i n  t he  d r i l l  appara tus  t h i s  q u a r t e r ,  
The o r i g i n a l  s p l i n e  s h a f t  and b a l l  s p l i n e  nut  des ign  was not  adequate f o r  
t he  severe  UHV environment and needed t o  be s t rengthened.  The u n i t  was 
used on s e v e r a l  atmospheric runs  b u t  f a i l e d  i n  u l t r a h i g h  vacuum a f t e r  
s e v e r a l  hours  of baking a t  250' C. P r i o r  t o  t o t a l  f a i l u r e  of t he  sp l ine  
s h a f t  and n u t ,  the  d r i l l  was t e s t e d  a f t e r  45 hours of pumping. With the  
system a t  5 x 10-lo t o r r  (cryoshroud o f f  and the  bakeout on) r o t a t i n g  
t he  d r i l l  b i t  caused a  pressure  increase  t o  8 x lo-' t o r r .  The d r i l l  
b i t  was touched b r i e f l y  t o  the rock f a c e  causing a  f u r t h e r  pressure  
i nc rease  t o  2 x t o r r .  From these  r e s u l t s  we f e e l  we can conclude 
t h e  fol lowing:  (1)  The system when well  baked and cryoshrouded w i l l  
maintain i t s  low pressure  w i t h i n  one- th i rd  decade when the  d r i l l  i s  
operated.  ( 2 )  Actual  d r i l l i n g  should cause l e s s  than  one decade f u r -  
t h e r  p re s su re  l o s s  i n  a  wel l  degassed system. (3) Therefore,  when the 
system i s  f u l l y  degassed, we w i l l  be a b l e  t o  perform d r i l l i n g  t e s t s  a t  
p re s su re s  a t  l e a s t  a s  low a s  t h e  mid-10-~ t o r r  range. 
The s p l i n e  n u t  and s h a f t  f a i l e d  a f t e r  a  f u r t h e r  96 hours  of pumping 
wi th  i n t e r m i t t e n t  bakeout.  F a i l u r e  of the s p l i n e  n u t  and s h a f t  a l s o  
caused f a i l u r e  of two r a d i a l  bea r ings  by p u t t i n g  too  much t h r u s t  load- 
ing on them. The redesigned u n i t  i s  q u i t e  a  b i t  heav ie r ,  n e c e s s i t a t -  
ing  r edes ign  of a  p o r t i o n  of t h e  d r i l l  c a r r i a g e .  
A t  the time of t h i s  w r i t i n g  the  modified appara tus  has  been used t o  
d r i l l  a  314-inch depth hole  i n  atmosphere and the  system has been 
evacuated t o  3 x lo-'' t o r r  with only minor baking. It i s  expected 
t h a t  f u r t h e r  bakeout and cryoshrouding w i l l  a l low another  UHV d r i l l i n g  
a t tempt  i n  t h e  f i n a l  week of t h i s  qua r t e r .  
UHV F r i c t i o n  S tud ie s  -
A 1 1  modi f ica t ions  t o  t he  f r i c t i o n  appara tus  have been completed and 
checkout of t h e  new des ign  i s  i n  progress  a t  t h i s  t ime. The u n i t  w i l l  
be mounted i n  t he  new UHV system a s  soon a s  i t  becomes a v a i l a b l e .  
UHV P a r t i c u l a t e  Shear S tud ie s  
Progress  on t h i s  phase has  su f f e red  due t o  the  problems encountered 
with the  UHV d r i l l  appara tus .  Since both the  d r i l l  appara tus  and the  
p a r t i c u l a t e  shear  appara tus  m u s t ~ u s e  the  same main frame, only one 
phase can be accomplished a t  a  time. A l l  systems a r e  f u l l y  prepared 
f o r  t he  p a r t i c u l a t e  s tudy ,  however, and t h i s  phase w i l l  be i n i t i a t e d  
immediately upon completion of t he  d r i l l i n g  t e s t s .  
Mass Spectrometer Studies of Outgassing from Simulated Lunar Materials 
i n  Ultrahigh Vacuum by We W. Roepke and C. W. Schultz is being revised 
for publication in the Journal of the American Vacuum Society. 
Friction Tests in Simulated Lunar Vacuum by W. W. Roepke was submitted 
to NASA for publication in the Proceedings of the Seventh Annual Meet- 
ing of the Working Group on Extraterrestrial Resources. 
Developing a Lunar Drill: A 1969 Status Report by R. L. Schmidt was 
submitted to NASA for publication in the Proceedings of the Seventh 
Annual Meeting of the Working Group on Extraterrestrial Resources. 
LR-Visible Window Composite for UHV by W. W. Roepke was published in 
the February issue of Review of Scientific Instruments. 
Suppression of Mass Spectrometer Generated Interference on a Nude 
Bayard-Alpert Gauge in UHV by W. W. Roepke and K. G. Pung is being 
prepared as a journal article. 
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PROGRES S REPORT 
The o b j e c t i v e  of t h i s  p r o j e c t  i s  t o  s tudy t h e  e f f e c t  of simulated lunar  
environment on rock deformation and f a i l u r e  processes  a t  t he  macrostruc- 
t u r a l  and t h e  mic ros t ruc tu ra l  l e v e l .  Rock s t r e n g t h  and e l a s t i c  proper-  
t i e s  of s imulated lunar  rocks  w i l l  be determined i n  u l t r a h i g h  vacuum a t  
temperatures  over t he  lunar  sur face  temperature range. 
Compression T e s t s  i n  Ul t rah igh  Vacuum 
Compression t e s t i n g  and d a t a  a n a l y s i s  havebeen completed f o r  d a c i t e  spec- 
imens t e s t e d  i n  u l t r a h i g h  vacuum and d ry  n i t r o g e n  ( t a b l e  1 ) .  Both the  
compressive s t r e n g t h  and Young's modulus were s l i g h t l y  higher  i n  u l t r a -  
high vacuum than  i n  n i t rogen ;  however, the  d i f f e r e n c e s  were not  s i g n i f i -  
c a n t  a t  t h e  u sua l  90 percent  confidence i n t e r v a l .  To t e s t  the  importance 
t o  the  measured p r o p e r t i e s  of moisture removal under vacuum, seve ra l  co re s  
were pumped down t o  u l t r a h i g h  vacuum then t e s t e d  i n  the  chamber b a c k f i l l e d  
wi th  d ry  n i t rogen .  Resu l t s  of t hese  t e s t s  were between r e s u l t s  of t e s t s  
i n  u l t r a h i g h  vacuum and i n  n i t rogen  without  vacuum pumpdown. 
We f e e l  the  l ack  of s i g n i f i c a n t  vacuum e f f e c t  on d a c i t e  i s  due t o  t he  high 
permeabi l i ty  which al lows most of t he  moisture t o  be removed during the  
s tandard precondi t ion ing  procedure (appl ied t o  a l l  co re s )  which involves  
a medium vacuum (w 50 x 10"~ t o r r )  evacuat ion.  During compression t e s t s  
only s l i g h t  i nc reases  i n  pressure  were noted as  the  core f r a c t u r e d  in -  
d i c a t i n g  t h a t  t he  core  i n t e r i o r  i s  we l l  evacuated. It i s  i n t e r e s t i n g  t o  
no te  t h a t  even under the  optimum evacuat ion  condi t ions  provided by the  
permeable d a c i t e ,  t he  mass spectrometer  i nd ica t ed  t h a t  the  gas remaining 
i n  t h e  specimen d i d  con ta in  s i g n i f i c a n t  amounts of water vapor.  
TABLE 1 .* - 
DAC ITE 
Room condit ion1 
D i r e c t l y  i n  N2 
N, a f t e r  u l t r a -  
h igh  vacuum 
vacuum 
BASALT 
Room condit ion1 
vacuum 
the  S i x t h  Annual Meeting of t h e  Working Group on E x t r a t e r r e s t r i a l  Re- 
sources ,  NASA SP-177, 1968, pp. 75-95. P rope r t i e s  were r u n  on d i f f e r -  
e n t  b locks  than  the  ones used f o r  t h e  t e s t s  being repor ted  here .  
Compression t e s t s  and da t a  a n a l y s i s  have a l s o  been completed f o r  tho- 
l e i i t i c  b a s a l t  i n  u l t r a h i g h  vacuum and n i t rogen  ( t a b l e  1 ) .  S t r eng th  
and modulus were lower i n  vacuum than  i n  n i t rogen ,  bu t  t he  d i f f e r e n c e s  
a r e  n o t  s i g n i f i c a n t  and seem t o  r e f l e c t  a  h igher  v a r i a b i l i t y  w i t h i n  the  
t e s t s  conducted i n  u l t r a h i g h  vacuum, 
The l ack  of s i g n i f i c a n t  d i f f e r e n c e  between t e s t s  i n  n i t r o g e n  and vacuum 
f o r  b a s a l t  may be due t o  t he  extremely low permeabi l i ty  i n  b a s a l t  which 
prevents  gases  from being removed dur ing  the  2-day pumpdown t o  u l t r a -  
high vacuum. Pressure  and mass spectrometer da t a  support  t h i s  theory ;  
upon f r a c t u r e  of the  specimens i n  vacuum the gas load i n  t he  chamber i n -  
creased so  r a p i d l y  t h a t  the  gas overload p r o t e c t i o n  c i r c u i t  u s u a l l y  shut  
of f  t he  ion  pump. 
In hopes t h a t  a longer  pumpdown would remove gases  t rapped wi th in  the  
specimens, s eve ra l  specimens were put  i n  the vacuum chamber f o r  a long 
pumpdown before  compression t e s t i n g .  These specimens have been i n  u l -  
t r a h i g h  vacuum over 6 weeks. 
Two t h e o r e t i c a l  methods were used t o  c a l c u l a t e  t h e o r e t i c a l  average prop- 
aga t ion  v e l o c i t i e s  t o  compare with the  average v e l o c i t y  measured by 
puls ing  spheri.ca1 specimens. Both methods u t i l i z e  t h e  e l a s t i c  cons t an t s  
of s i n g l e  c r y s t a l s  and assume p e r f e c t  bonding between c r y s t a l s .  It i s  
expected t h a t  weak bonds and de fec t s  i n  t he  rock w i l l  cause the  expe r i -  
mental average v e l o c i t y  t o  be lower than  the  t h e o r e t i c a l  va lue  and t h a t  
t h i s  d i f f e r e n c e  w i l l ,  be r e f l e c t e d  i n  o the r  p r o p e r t i e s  such a s  s t r e n g t h s  
and e l a s t i c  cons t an t s .  In one method, t he  H i l l  average v e l o c i t y  f o r  
each mineral  i n  t h e  rock and the percentage of t he  r e s p e c t i v e  mineral  in 
the  rock were used t o  o b t a i n  the  t h e o r e t i c a l  average. This  was done f o r  
seven rocks.  The experimental  va lues  obtained r an  from about 1 t o  30 
percent  below the t h e o r e t i c a l .  I n  gene ra l ,  the  rocks  f o r  which t h e  d i f -  
fe rence  between t h e o r e t i c a l  and experimental  v e l o c i t i e s  i s  small  a r e  
known t o  have r e l a t i v e l y  high s t r e n g t h s ,  while rocks  i n  which the  d i f -  
fe rence  was l a r g e  a r e  r e l a t i v e l y  weak. Although t h e  r e s u l t s  a r e  encour- 
aging,  n.o way has been developed t o  c o r r e c t  f o r  po ros i ty ,  and the com- 
p l e t e  minera l  composi,tion mast be known (such terms a s  g l a s s  i n  a pe t ro-  
graphic d e s c r i p t i o n  a r e  no t  s u f f i c i e n t )  and the  e l a s t i c  cons t an t s  of each 
mineral  must 'be known. 
The o the r  method u s e s  t he  l i n e a r  r e l a t i o n s h i p  ( r eg re s s ion  l i n e )  between 
sca led  v e l o c i t y  and d e n s i t y  based on a l a r g e  number of elements and min- 
e r a l s  t h a t  was r epo r t ed  i n  t h e  previous qua r t e r .  The average v e l o c i t i e s  
and d e n s i t i e s  obtained from spheres  of each of the  14  simulated luna r  
rocks were scaled and p l o t t e d  t o  compare with t h e  above r e g r e s s i o n  l i n e .  
Al.though t h e  porosi . ty  of t h e s e  rocks covers  a range of approximately 0 
t o  80 percen.t ,  t he  v e l o c i t i e s  of most f i.t the  t h e o r e t i c a l  re3.ationsRip 
very  well .  The v e l o c i t i e s  t h a t  p l o t t e d  f u r t h e r  below t h e  r eg re s s ion  
l i n e  were from rocks of Low poros i ty  but  possessing many f r a c t u r e s .  
This  method appears  t o  be independent of porosi. ty.  It can be used i f  
t he  complete mineral  composition i s  known bu t ,  s i n c e  atomic numbers a r e  
used,  a chemical a n a l y s i s  i s  p re fe rab le .  
Defect ana lyses  have been completed on a l l  of the  14 simulated lunar  
rocks ,  bu t  a d d i t i o n a l  ana lyses  need t o  be made on d u n i t e ,  g r a n o d i o r i t e ,  
and se rpen t in lke  wi th  the u n i v e r s a l  s tage .  The e x t r a  ana lyses  a r e  nec- 
essary  because the  c o n t r i b u t i o n  of d i f f e r e n t  sub fab r i c s  t o  the  e l a s t i c  
behavior of these  t h r e e  rocks  has not  been c l e a r l y  e s t ab l i shed  by d e f e c t  
a n a l y s i s ,  
A staridard p e t r o f a b r i c  a n a l y s i s ,  us ing  the  un ive r sa l  s t age ,  was com- 
p l e t ed  on h l u t h  Gabbro. An equal  a r ea  p l o t  of c r y s t a l l o g r a p h i c  (010) 
d i r e c t i o n s  i n  p l ag ioc l a se  showed a concent ra t ion  of d i r e c t i o n s  p a r a l -  
l e l  wi th  t h e  h ighes t  v e l o c i t y  d i r e c t i o n ,  p rev ious ly  determined i n  a  
sphere from which t h e  t h i n  s e c t i o n  was cu t .  
F rac tu re  d e n s i t y  measurements on f r e s h  r h y o l i t e  showed an average of 
3.8 frac;tures/cm along the low v e l o c i t y  d i r e c t i o n  and only 1.5 f r a c -  
tu res lcm along the  h igh  v e l o c i t y  d i r e c t i o n .  The measurements were 
made on a  t h i n  sect ioned s l a b  c u t  from the high-low v e l o c i t y  p lane  i n  
a  sphere of t h e  r h y o l i t e .  
A s e r i e s  of photographs were made on 35-mm f i l m  from t h i n  s e c t i o n s  of 
f i v e  s imulated lunar  rocks:  f r e s h  r h y o l i t e ,  v e s i c u l a r  b a s a l t  (two va- 
r i e t i e s ) ,  d a c i t e ,  and pumice. The ~ h o t o g r a p h s  w i l l  be analyzed by op- 
t i c a l  d a t a  processing techniques i n  cooperat ion with D r .  He Pincus a t  
t he  Un ive r s i t y  of Wisconsin-Milwaukee. These techniques w i l l  provide 
another  way of analyzing d i r e c t i o n a l  f a b r i c  f e a t u r e s  i n  t hese  rocks ,  
f o r  compar:i.son with var ious  f a b r i c  a n a l y s i s  techniques a l r eady  i n  use  
and wi th  d i r e c t i o n a l  behaviora l  p r o p e r t i e s .  
Environmental E f f e c t s  on Rock P r o p e r t i e s  by E .  R. Podnieks, P. G. 
Chamberlain, and R. E, T h i l l  has  been submitted f o r  p u b l i c a t i o n  i n  
t he  Proceedings of the  Tenth Symposium on Rock Mechanics held a t  the  
Un ive r s i t y  of Texas i n  May 1968. 
E l a s t i c  and At tenuat ion  Symmetries of Simulated Lunar Rocks by T. R ,  
Bur and K ,  E ,  Hjelmstad i s  being prepared a s  a  Bureau of Mines Report 
of Inves t i .ga t ions  o r  journa l  a r t i c l e .  
E f f e c t  of Moisture and Temperature on the  F rac tu re  Morphology of DacFte 
by R. J. Willard and K. E ,  HjeLmstad i s  being prepared a s  a  Bureau of 
Mines Report of I n v e s t i g a t i o n s  o r  journa l  a r t i c l e .  
STATUS REPORT THIRD QUARTER FISCAL YEAR 1970 
Bureau of Mines NASA Program of M u l t i d i s c i p l i n a r y  Research 
Task t i t l e :  Thermal fragmentat ion and thermophysical and o p t i c a l  
p r o p e r t i e s  i n  simulated luna r  environment 
- 
m v e s t i g a t o r :  David P. Lindroth,  P r o j e c t  Leader 
Location: Twin C i t i e s  Mining Research Center 
Minneapolis,  Minnesota 
Date begun: J u l y  1969 To be completed: June 1971 
Per sonne 1 : Kuppusamy Thirumalai ,  Mining Engineer 
David P. Lindroth,  P h y s i c i s t  
Walter G .  Krawza, Engineering Technician 
PROGRESS REPORT 
Object ive 
The o b j e c t i v e  of t h i s  work is  t o  study the  problems of thermal fragmen- 
t a t i o n  i n  lunar  environment. Through t h e  use  of nondes t ruc t ive  t e s t i n g  
and remote sens ing  technology, t h e  thermophysical p r o p e r t i e s  of simu- 
l a t e d  luna r  rocks  a r e  t o  be determined a s  a  func t ion  of temperature and 
pressure  over t h e  luna r  environment range. Also, the  o p t i c a l  p r o p e r t i e s  
of absorp tance ,  r e f l e c t a n c e ,  t ransmi t tance ,  and the  absorp t ion  c o e f f i -  
c.ient a r e  t o  be determined a s  a  func t ion  of wavelength and temperature,  
Progress  During the  Third Quarter  
The l i t e r a t u r e  search on o p t i c a l  p r o p e r t i e s  of rock a s  a  func t ion  of 
wavelength and temperature continued. 
The i n f r a r e d  radiometer  was received a f t e r  r e p a i r s  e a r l y  i n  the  qua r t e r .  
It has been checked ou t  and i s  working proper ly .  I n i t i a l  t e s t s  were 
performed t o  determine the  e f f e c t  of e m i s s i v i t y  on t h e  sensed temperature.  
The r e s u l t s  showed t h a t  a t  25' C by changing the  e m i s s i v i t y  s e t t i n g  from 
the  t r u e  va lue  of 0.95 t o  0.2, t he  e r r o r  introduced i n  t h e  temperature 
reading  was I- 20 percent .  A t  70' C t he  e r r o r  i n  t he  temperature reading 
was + 236 percent .  U n t i l  o p t i c a l  p roper ty  va lues  a r e  e s t ab l i shed  a  b lack  
coati.ng w i l l  be used on the specimens t o  e l i m i n a t e  t h e  emis s iv i ty  problem. 
F i n a l  se1ecti .on of a  s tandard ma te r i a l  f o r  use i n  developing the flash. 
mekhod f a r  thermal proper ty  measurements has  no t  been made a t  t h i s  t ime,  
However, a s  a  f i r s t  candida te  we a r e  c u r r e n t l y  u s ing  99.8 percent  akumi- 
num oxide. The multispecimen sample holder  i s  being cons t ruc ted  t o  f i t  
t he  c u r r e n t  UHV chamber and i n t e r f a c e  with the  f r i c t i o n  experiment. A s  
soon a s  t he  new UHV system i s  a v a i l a b l e ,  work on the  experimental  se tup  
f o r  t he  f l a s h  method measurements w i l l  be resumed. 
Dr. Thirumalai is acting for Mr. Pugliese as Head of the Thermal and 
Electrical Fragmentation laboratory during the remainder of the fiscal 
year while Mr. Pugliese is on a special assignment. 
Dielectric Constants and Dissipation Factors for Fourteen Rock Types 
Between 20 and 100 Megahertz by R. E. Griffin is under preparation as 
a journal article. 
Thermal Expansion Measurements of Simulated Lunar Rocks by R. E. Grif- 
fin and S. G. Demou is under preparation as a journal article. 
Effect of Reduced Pressure on Thermal Expansion Behavior of Rocks and 
Its Significance to Thermal Fragmentation by K. Thirumalai and S. G. 
Demou is under preparation for presentation at the Symposium on Ther- 
mal Expansion of Solids at Santa Fe, New Mexico in June and for subse- 
quent publication in the Journal of Applied Physics. 
STATUS REPORT TKLRD QUARTER FISCAL YEAR 1970 
Bureau of Mines NASA Program of M u l t i d i s c i p l i n a r y  Research 
Task t i t l e :  Use of explos ives  on the  Moon 
I n v e s t i g a t o r :  Richard W .  Watson, P r o j e c t  Coordinator ,  Explosives Research 
Location: S a f e t y  Research Center 
P i t t sbu rgh ,  Pennsylvania 
Date begun: J u l y  1966 To be completed: June 1971 
Personnel:  Richard W. Watson, Research P h y s i c i s t  
Charles  R. Summers, Research P h y s i c i s t  
John J. Mahoney, Laboratory Technician 
Elva M. Guas t in i ,  Explosives Equipment Operator 
PROGRESS RE PORT 
The o b j e c t i v e  i s  t o  develop fundamental knowledge r e l a t i n g  t o  the  hazards  
of the  use  of chemical explos ives  i n  the  lunar  environment, i n  p a r t i c u l a r ,  
an environment cha rac t e r i zed  by high vacuum, extreme temperature cyc l ing ,  
and a f l u x  of small  hyperve loc i ty  p a r t i c l e s .  
Progress  During t h e  Third Quar te r  
Cons t ruc t ion  of t h e  l a r g e  high vacuum f a c i l i t y  f o r  r e sea rch  involv ing  
seve ra l  pounds of explos ive  a t  p re s su re s  a s  low a s  t o r r  proceeded 
on schedule.  The foundat ion f o r  t he  s h e l t e r  was completed, t he  40,000- 
l i t e r  c y l i n d r i c a l  chamber was i n s t a l l e d  next  t o  t h e  24 ,000- l i te r  sphe r i -  
c a l  chamber, and t h e  s h e l t e r  i t s e l f  was readied  f o r  e r e c t i o n  and e l e c t r i c  
wir ing.  
A computer program which c a l c u l a t e s  t he  expansion of de tona t ion  products  
i n t o  a vacuum i n  s p h e r i c a l  symmetry has been w r i t t e n  and t e s t e d .  The 
e x i s t i n g  program inco rpora t e s  simple assumptions concerning the s t r u c t u r e  
of t he  de tona t ion  and the equat ion  of s t a t e ;  more r e a l i s t i c  r e v i s i o n s  of 
these  assumptions a r e  being i n s e r t e d  t o  f i t  e x i s t i n g  experimental  da t a .  
Problems a t t r i b u t e d  e a r l i e r  t o  opaque products  from the  de tona tor ,  when 
explos ive  charges were f i r e d  i n  vacuum, were solved through use of mini- 
a t u r e  de tona to r s ,  longer  charges,  and complete i n s e r t i o n  of t he  i n i t i a t o r  
i n t o  t h e  charges.  Analysis  of the t ime-resolved s p e c t r a  of t he  pink lu-  
minosi ty  produced by impact of the  de tona t ion  products  on the  vacuum f l a s k  
wall  i n d i c a t e s  t h a t  hydrogen i s  t he  f i r s t  product spec ies  t o  reach the  
wa l l ;  t h i s  suppor t s  t he  theory  t h a t  t h e r e  i s  s p a t i a l  s epa ra t ion  of the 
product spec i e s .  The second p o s i t i v e l y  i d e n t i f i e d  spec ies  t o  a r r i v e  a t  
t h e  w a l l ,  approximately 3 psec a f t e r  hydrogen, i s  sodium, There a r e  
s t rong  i n d i c a t i o n s  t h a t  the  sodium i s  no t  der ived from t h e  f l a s k  wal l .  
Research i n  t h i s  a r ea  i s  cont inuing  us ing  lithium-doped pure RDX charges .  
None scheduled f o r  the  t h i r d  q u a r t e r .  
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Locat ion : Spokane Mining Research Laboratory 
Spokane, Washington 
Date begun: A p r i l  1966 To be completed: June 1971 
Personnel:  David E.  Nicholson, Mining Engineer 
William G.  Par i seau ,  C i v i l  Engineer 
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PROGRESS REPORT 
The o b j e c t i v e  i s  t o  determine t h e  f r i c t i o n a l  and cohesive p r o p e r t i e s  of 
simulated luna r  rock powders which may in f luence  t h e  handl ing and t r ans -  
p o r t a t i o n  o f  f i n e  p a r t i c l e  m a t e r i a l s  i n  the  lunar  environment. 
Progress  During the  Third Quarter  
The to r s iona l - shea r  appara tus  assembly was completed and a  s e r i e s  of 
earth-atmosphere t e s t s  was run on our  b a s a l t  powder s imula t ing  the  f i n e  
lunar  s o i l  mat r ix .  Shown i n  f i g u r e  1 i s  t he  shear  t e s t e r  mounted i n  a  
commercial vane-shear d r ive .  The s t r a i n  gage recorder  monitors conso l i -  
d a t i o n  and normal load ,  shear  load,  and shear  s t r a i n  r a t e s .  The primary 
f e a t u r e  Q£ t h e  t o r s iona l - shea r  t e s t ,  which makes i t  i d e a l  i n  our work, 
i s  t he  i n f i n i t e  s h e a r - s t r a i n  p o t e n t i a l .  With the  t o r s i o n a l  vane-shear 
device  we can  r epea t ed ly  t e s t  a  s i n g l e  sample i n  u l t r a h i g h  vacuum and 
a l s o  determine peak and u l t i m a t e  shear  s t r e n g t h s  much more e a s i l y  than  
wi th  d i r e c t - s h e a r  techniques.  An a d d i t i o n a l  complicat ion i n  determining 
shear  under reduced luna r -g rav i ty  cond i t i ons  i s  t he  reduct ion  i n  loads  
and s t r e s s e s .  This  r educ t ion  r e q u i r e s  t he  u s e  of s e n s i t i v e  s t ra in-gaged  
c a n t i l e v e r  beams t o  sense extremely low normal and shear  loads.  The 
normal load i s  appl ied  through four  compression sp r ings  on the t o r s i o n a l -  
shear  t e s t e r .  The s t i f f n e s s  of the  normal load mechanism i s  equ iva l en t  
t o  t he  s t i f f n e s s  (est imated a t  1,200 g/cm) of t he  s o i l  w i th in  the  load 
range of i n t e r e s t  (< 1 p s i ) .  Shea r - s t r a in  r a t e  of the  to r s iona l - shea r  
device has a l s o  been reduced t o  0.016 cm/min, o r  one-sixth t h a t  of s tand-  
a r d - s o i l  shea r  devices .  These parameters a r e  gene ra l ly  ignored i n  shear  
t e s t i n g  g ranu la r  s o i l s .  
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Samples of our  s imulated lunar  b a s a l t  were prepared f o r  shear  t e s t i n g  
by being oven-dried a t  110' C and cooled i n  a  d e s i c c a t o r .  A 170-gram 
sample i s  placed loose ly  i n  the  t o r s i o n a l  chamber and l eve l ed  wi th  a  
s p e c i a l  depth gage. Figure 2 shows a  sample p r i o r  t o  t e s t i n g ,  The white  
s t r i p  ac ros s  the  sample i s  a  t h i n  Layer of f i n e  qua r t z  powder. Knife- 
edged vanes,  which a r e  imbedded i n  t he  sample, a r e  recessed  t o  al low 
c learance  wi th  both wa l l s  of the  chamber. We were i n t e r e s t e d  i n  whether 
the b a s a l t  powder sheared over the  whole chamber su r f ace  o r  only a c r o s s  
t h e  vane. Figure 3  p i c t u r e s  t he  same sample a f t e r  a  shear  t e s t .  Shear- 
i ng  over of the  whole chamber a r e a  i s  i nd ica t ed  by the uniform d i sp l ace -  
ment of t h e  qua r t z  powder l i n e .  P e r f e c t  impressions of the  vanes a r e  
r e t a i n e d  i n  t he  caked powder, analogous t o  the  Apollo 11 a s t r o n a u t s '  
boo tp r in t  impressions i n  the lunar  s o i l .  
The s tandard  t e s t  procedure wi th  t h e  to r s iona l - shea r  t e s t e r  i s  t o  con- 
s o l i d a t e  a  sample under some s p e c i f i c  conso l ida t ion  load (say 6,000 
grams) f o r  a  s p e c i f i c  time. The sample i s  f i r s t  sheared under 6,000 
grams normal load ,  p a s t  i t s  peak f a i l u r e  t o  u l t i m a t e  f a i l u r e .  The 
shear  head i s  then r a i s e d ,  and the sample i s  remixed and leve led .  I n  
the  second t e s t ,  the  sample i s  aga in  consol ida ted  under 6,000 grams. 
The normal load i s  reduced t o  5,000 grams, and the  sample i s  sheared 
t o  peak f a i l u r e .  By r epea t ing  t h i s  procedure, we can ob ta in  po in t s  
on the  Mohr f a i l u r e  envelope f o r  t he  overconsol idated m a t e r i a l ,  then 
e x t r a p o l a t e  t o  t h e  shear  a x i s  and so  determine the  apparent  cohesion 
of the  m a t e r i a l .  Tes ts  run a t  a  d i f f e r e n t  i n i t i a l  conso l ida t ion  load 
g ive  a  d i f f e r e n t  y i e l d  su r f ace  and shear -ax is  i n t e r c e p t .  Performing 
these  t e s t s  i n  u l t r a h i g h  vacuum w i l l  i n d i c a t e  the  r e l a t i v e  change, i f  
any, i n  cohesion with the normal conso l ida t ing  load. A p l o t  of t h e  
shear  t e s t s  run a t  6,000 grams conso l ida t ion  load i s  shown i n  f i g u r e  
4  f o r  our s imulated luna r  b a s a l t  powder. A g raph ica l ly  cons t ruc ted  
y i e l d  sur face  i n d i c a t e s  an angle  of i n t e r n a l  f r i c t i o n ,  v ,  of 41' and 
a  cohesion, C ,  of 11.5 g/cme o r  0.16 p s i .  Surveyor and Apollo 11 s o i l  
mechanics i n t e r p r e t a t i o n  e s t ima te s  angles  of i n t e r n a l  f r i c t i o n  of 35" 
or  g r e a t e r ,  and cohesion values from 0.05 t o  0.20 p s i .  Di rec t - shear  
t e s t s  run on the  b a s a l t  powder and normally consol ida ted  (but  i n  a  ten-  
f o l d  g r e a t e r  load range) i n d i c a t e  a  peak angle  of i n t e r n a l  f r i c t i o n  of 
3 6 " .  
Prepa ra t ion  of a d d i t i o n a l  samples of simulated lunar  s o i l  i s  a l s o  planned 
f o r  the U.S. Geological  Survey and f o r  the J e t  Propulsion Laboratory. 
The co r rec t ed  g r a i n - s i z e  d i s t r i b u t i o n  of the lunar  s o i l  (Science,  v. 167, 
No. 3918, Jaeuary 30, 1970, p. 648) i s  r e p l o t t e d  i n  f i g u r e  5,  w i th  t he  
g r a i n - s i z e  d i s t r i b u t i o n  of our simulated b a s a l t  powder. The Apollo 11 
sample con ta ins  more coarse  p a r t i c l e s  than does the  simulated sample, 
bu t  these  can be e a s i l y  "batched-in" t o  o b t a i n  an exac t  d i s t r i b u t i o n .  
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The Apollo 11 core tube samples described i n  the  Preliminary Science 
Report, NASA SP-214, ind ica te  an average 0.94 vo id - ra t io  f o r  the  lunar  
s o i l .  This f i g u r e  approaches the  minimum void r a t i o  of 1.02 a t  which 
our simulated b a s a l t  powder can be placed. Such a high void r a t i o  i n  
e a r t h  s o i l  would make i t  highly compressible, because of the  increased 
confinement of our g rav i ty  f i e l d ,  although under reduced lunar g rav i ty  
t h i s  vo id - ra t io  i s  l i k e l y  t o  be below the  c r i t i c a l  point .  
For example, the  p l o t  of the  c r i t i c a l  vo id - ra t io  a s  a  funct ion  of con- 
f i n i n g  pressure f o r  Franklin F a l l s  Sand (see Winterkorn, ASTM Specia l  
Technical Publ ica t ion  156, p. 81) shown a s  an exponential  curve on 
f igure  6 ,  i n d i c a t e s  t h a t  the  low lunar-gravi ty  pressures w i l l  confine 
the  c r i t i c a l  y ie ld  t o  the upper v e r t i c a l  asymptote of the c r i t i c a l  
vo id - ra t io  curve. Therefore, very minor changes i n  s t r e s s  of confine- 
ment could e a s i l y  a l t e r  the  shea r - fa i lu re  mode i n  a  s o i l  with g r e a t e r  
compression range; whereas on the lower p a r t  of the  curve, common f o r  
ea r th -g rav i ty  condit ions,  much g rea te r  changes i n  pressure a r e  required 
t o  change the  shea r - fa i lu re  mode with r e l a t i v e l y  l e s s  compression. This 
phenomenon could account f o r  the  minor compression of the lunar s o i l  
when the  Apollo 11 as t ronauts  walked on the  l e v e l  lunar surface whereas 
the  surface  showed major compression when the as t ronauts  t raversed a 
moderate c r a t e r  slope. Subjec t ive ly  then, it may be t h a t  the  f i n e  sand- 
l i k e  lunar s o i l  possesses a  high i n  s i t u  vo id - ra t io  because i t  has a t -  
ta ined a normal equil ibrium s t a t e  under reduced lunar g rav i ty ,  where it  
can j u s t  mobilize i t s  volume-expansion c h a r a c t e r i s t i c s  f o r  s t a b i l i t y .  
Therefore, the  lunar s o i l  need not be considered abnormally loose due t o  
p a r t i c l e  adhesion f l u f f i n g  the  granular  s t r u c t u r e .  The e f f e c t  w i l l  be 
important i n  operat ing the  proposed roving vehic le  on the  lunar surface .  
S t a t u s  of Manuscripts 
Test ing of Simulated Lunar Basal t  Powder f o r  Gravity Flow by David E .  
Nicholson i s  under prepara t ion  a s  a  journal a r t i c l e .  
Figure 6 ,  - C r l t i c a l  Void Ra t io s  as a  Ftmction o f  Confining 
PI-essure - Frankl in  Fal-1s %11d 
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PROGRESS REPORT 
Objective 
The objective is to determine the feasibility of obtaining elemental 
oxygen by electrolysis of silicate-bearing materials, as one phase of 
multidisciplinary research efforts to develop basic knowledge for using 
lunar resources in support of space missions. 
Progress During the Third Quarter 
The objectives for this quarter were to continue to evaluate the per- 
formance characteristics of a cell designed to permit the quantitative 
determination of oxygen evolved during electrolysis of silicate-bearing 
mixtures. Efforts were continued to prepare oxygen by electrolysis of 
silicate-fluoride melts in a compartmented cell; however, an unexpected 
delay was caused by failure of a new crucible after only two experiments. 
Research was resumed after more boron nitride stock was .obtained, and 
a series of experiments was conducted using the 35.0 weight-percent 
silicate, 16.5 weight-percent LiF, 48.5 weight-percent BaFz electrolyte. 
Electrolysis was performed at 1,100° to 1,200° C, at 19 volts and 40 to 
60 amperes, using iridium anodes and silicon carbide cathodes. The max- 
imum oxygen content in the anode gases was only about 2 volume percent 
compared with a maximum of almost 14 volume percent in previous experi- 
ments using an open crucible. It is theorized that the relatively poor 
results may have been caused by the lack of adequate bath circulation, 
and, in subsequent experiments, the openings in the barrier will be 
enlarged to provide better movement of bath between the anode and cath- 
ode compartments. 
A problem t h a t  occurred i n  previous experiments,  caused by con tac t  
between the anode and cathode,  was e l imina ted  by the presence of the  
b a r r i e r ,  I n  experiments i n  which the  b a r r i e r  was used, the r e s u l t i n g  
cor ros ion  of the  anode was very uniform, and the average r a t e  of i r i d -  
ium l o s s  was only about 27 mg per ampere hour. 
Electrowinning of Oxygen From S i l i c a t e  Rocks by Donald G. Kesterke was 
submitted t o  NASA f o r  p u b l i c a t i o n  i n  t h e  Proceedings of t h e  Seventh 
Annual Meeting of t he  Working Group on E x t r a t e r r e s t r i a l  Resources. 
